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1. INTRODUCTION 
1.1 Problem statement 
The natural gas pipeline system in the United States is a vast network consisting of 
approximately 275,000 miles of transmission pipelines, 90,000 miles of gathering lines, 
836,000 miles of distribution lines and 280,000 miles of services lines [1]. Assuring the 
integrity of this network is crucial to the safe and economical transport of one of the nation's 
cheapest forms of energy -- natural gas. 
The office of pipeline safety ( OPS ) reports that the total property damage caused by 
transmission and gathering pipeline accidents in 1998 exceeds $29 million [2]. The OPS 
categorized the cause of these accidents into five categories [3]: 
• Internal Corrosion 
• Ex tern al Corrosion 
• Damage from Outside Forces 
• Construction/Material defect 
• Others 
The damage from outside forces alone accounts for over 62% of the total property damage. 
Data maintained by the U.S. Department of Transportation (DOT), Research and Special 
Programs Administration (RSPA) also indicate that outside forces is the leading cause of the 
pipeline service incidents, in which more than 40 percent of the reported failures are the 
result of damage from outside forces [3]. Obviously, the pipeline damage caused by outside 
forces is of major concern to pipeline safety researchers. As its name indicates, the damage 
from outside forces is typically caused by external forces, unstable ground, excavation and 
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construction equipment. Together, we call these forms of damage as mechanical damage [4]. 
The damage can be introduced into the pipeline at vanous stages of construction and 
operation. For example, improper transportation from supplier to installation sites may cause 
dents or fatigue damage to the pipeline. During construction or service of the pipeline, the 
earth-moving equipment may cause excavation dents or gouges to the pipeline. If a pipeline 
is inadvertently settled on an unyielding rock, the weight of the pipe may cause the pipe to 
deform around the rock [5]. Most damage can be classified into three primary parts [6, 7, 8]: 
• Metal loss, where some metal is removed from the pipe surface. 
• Denting, which is a change in the pipe geometry resulting m possible wall 
thinning and a change in the inner diameter of the pipe. 
• Gouge, where the pipe wall is deformed without a change in the inner diameter of 
the pipe. 
The damage very often remains benign for the operational life of the pipelines. Such damage 
can lead to an immediate or delayed pipeline failure [9, 10]. For example, a propane gas 
explosion by an excavation caused gas leak on November 21, 1996 in the Rio Peidras 
shopping district of San Juan, Puerto Rico, resulted in 33 deaths and 69 injuries [3] . The 
detection and analysis of potential mechanical damage defects is very important not only for 
the successful and uninterrupted transmission of natural gas, but also for public safety 
reasons. 
During the past 50 years, the gas industry has developed several online monitoring 
methods to prevent or detect pipeline service incidents. Magnetic flux leakage CMFL) 
inspection technique is the most commonly used in-line inspection method for detecting and 
characterizing defects in pipelines [6, 11, 12]. In this technique, the pipe-wall is magnetized 
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and a circumferential array of sensors is used to detect any leakage flux caused by the 
presence of the defects in the pipe-wall. A schematic diagram of MFL inspection tool is 
shown in Fig. 1.1. The task of detecting mechanical damage is fraught with several 
problems. Most inline inspection tools, called pigs are designed to detect corrosion. 
Mechanical damage, in contrast to corrosion, tends to be very small and highly localized. 
Brushes Sensors 
Acquisition 
pipe 
Leakage Flux 
Fig. 1.1 Schematic of the :rv1FL inspection tool and flux distribution in the pipe 
wall around a defect 
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However, the residual stress in the pipeline caused by the mechanical damage affects 
the magnetic properties of the materials and produces a measurable change in the MFL 
signals [13, 14, 15]. Prior work at Batelle and SwRI [16] on detection of mechanical damage 
using MFL has shown that gouges, dents and metal loss produce fundamentally different 
signals. It, therefore, becomes necessary to first classify the damage then relate the leakage 
field measurement with the shape of damage and the corresponding residual stress levels. 
After this is accomplished, the state of operating pressure level can be calculated. The 
purpose of the work described in this thesis is to assess the serviceability of the pipe based on 
the estimation of the defect shape and residual stress levels. The serviceability is estimated in 
terms of the maximum operating pressure level that the pipe can withstand in service. 
1.2 Objectives of the thesis 
The primary objective of the current study is to develop a fundamental understanding 
of the stress field around the mechanical damage defects in pipelines using a finite element 
model. The model may also be used to establish the relationship between the :rv1FL signal and 
the residual stress levels in addition to assessing the serviceability of the pipeline. 
Specifically, the objectives of the thesis are to: 
• Simulate the mechanical damage process in a pipeline 
• Establish the stress fields during and after the process 
• Estimate the maximum permissible operating pressure of the pipeline with 
damage 
A dynamic explicit finite element method is employed to conduct the study and achieve the 
above objectives. 
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1.3 Scope of the thesis 
This thesis consists of four chapters. Chapter l provides a general introduction to the 
problem and describes the objectives of the thesis. Chapter 2 presents the dynamic explicit 
finite element method used in conducting the study. The finite element method employs an 
updated Lagrangian formulation. The analysis is performed using a commercial software 
package LS-DYNA, which is introduced in this chapter. Chapter 3 describes the dynamic 
explicit finite element analysis of the mechanical damage induced by a denting as well as 
scratching process. The residual stress behavior in the pipe is investigated and the failure 
pressure of the pipe is estimated. Chapter 4 summarizes the results and presents a few 
conclusive remarks. Areas for pursuing research in the future are also recommended in 
chapter 4. 
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2. DYNAMIC EXPLICIT FINITE ELEMENT FORMULATION 
2.1 Introduction 
The dynamic explicit finite element method was first proposed by Belytschko and 
Hallquist [17] in the seventies to analyze large deformation impact problems. By employing 
explicit time integration, the dynamic explicit finite element method offers significant 
advantages in both efficiency and reliability of computations. 
In an earlier work, Belytschko and Schwer (1977) [18] presented a finite element 
formulation for the transient analysis of space frames in large deformation. The formulation 
used an explicit procedure for the integration of motion equations. Later, Lin and Tsay (1984) 
[19] derived a finite element formulation and explicit algorithm for the nonlinear analysis of 
impulsively loaded shells. In their derivation, many novel elements including reduced 
integration, hourglass control and other important features of the dynamic explicit finite 
element method were used. Liu et al. (1985) [20] provided a unified approach for the explicit 
finite element formulation. 
Because of the simplicity of the algorithm and the possibility of high degree of 
vectorization and parallelization, the dynamic explicit finite method is becoming more and 
more popular. The ability to model a wide variety of industrial processes has led to the 
development of several commercial finite element programs based on the dynamic explicit 
scheme. These included LS-DYNA, PAM-CRASH, ABAQUS/EXPLICIT, and so on. 
In the following sections, a detailed dynamic explicit finite element method will be 
presented by employing updated Lagrangian formulation and a four-node degenerated shell 
element. 
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2.2 Preliminaries 
The fundamentals of large deformation kinematics and constitutive equations are 
presented in this section. All equations in this thesis are written in the general tensor notation 
to simplify the formulation. Boldface is used to highlight a tensor or a vector. 
2.2.1 Index rule 
An index occurring only once in a term (a free index) is valid for each of the values 1, 
2, 3. When an index occurs twice in a term ( a dummy index), summation is to be done over 
the values 1,2, and 3 for this index. For example, 
(2.1) 
An index is not allowed to occur more than twice in the same term. 
2.2.2 Deformation gradient 
Fig 2.1 shows the deformation of a arbitrary material point O in a body from its initial 
position vector X (=Xiei ) at time t = to to the current position vector x (=xiei ) at time t = t . 
The displacement vector u (=uiei ) and velocity vector u (=uiei ) of the point Oare expressed 
as follows 
(2.2) 
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Fig.2.1 Displacement of a point 
The dot ( . ) on the top of a variable denotes a time derivative of that variable. The 
infinitesimal material segment vector dX in the initial configuration t=to deforms to the 
segment vector dx in the current configuration at t = t, that is 
dx = x (X + dX, t ) - x (X, t ) = F • dX 
ax. 
dx - = F 1dX 1 = --
1 dX 1 1 I ax 
J 
(2.3) 
(2.4) 
in which, F is defined as the deformation gradient tensor. The squared length of the 
infinitesimal material segment after deformation can be evaluated as, 
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( ds )2 = dx • dx = dX • (FT • F ) • dX = dX • C • dX 
(2.5) 
in which, C is the Green deformation tensor and FT is the transformation of the deformation 
gradient tensor F. We assume that the length of the initial segment vector dX is dS, that is, 
(dS)2 = dX • dX (2.6) 
By defining a length ratio, A = 
1
\~ 1/i , A can be obtained using C, 
(2.7) 
Obviously the value of AN depends on the direction N. There are three directions N 1, N2 and 
N3 in which AN can reach a maximum or minimum. The directions N1, N2 and N3 are called 
the principle directions of the Green deformation tensor. They can be obtained through the 
following equations, 
C•N=AN (2.8) 
The length of the infinitesimal segment dX ( = dSN ) after the deformation is denoted as ds. 
According to the definition of Green deformation tensor, we can obtain, 
(ds)2 = dSN • C • dSN = dSN •AdSN = J\(dS)2 (2.9) 
Thus we can obtain the logarithmic strain in the principle directions N, that is, 
ds 
E = In(-) = 0.5 ln(J\) 
dS 
(2.10) 
2.2.3 Rate of the deformation and spin 
The rate of the deformation of the infinitesimal material segment vector dX 1s 
expressed as follows, 
dx = X (X + dX, t) - X (X, t) =F • dX = F • ( r 1 • F). dX 
= ( F • F-1 ) • (F • dX ) = L • dx (2.11) 
in which, Lis the velocity gradient tensor. The velocity gradient tensor L can be expressed as 
the sum of a symmetric part and an anti-symmetric part, 
(2.12) 
in which, D and W are the rate and spin of deformation respectively. Detailed descriptions of 
velocity gradient tensor L can be found in [21]. 
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2.2.4 Multiplicative decomposition of large deformations 
A multiplicative decomposition scheme [21] has to be adopted to formulate the basic 
equations of large deformation. 
(2.13) 
in which, Fe and FP represent the elastic and plastic deformation gradient respectively. Fe is 
obtained by unloading all infinitesimal parts of the body from the current configuration to a 
stress-free state. This defines a relaxed intermediate configuration. The plastic deformation 
gradient FP corresponds to the deformation from the original one to the intermediate 
configuration. Thus 
(2.14) 
in which, 
(2.15) 
In this description, we have introduced the " plastic " velocity gradient defined m the 
intermediate configuration. 
(2.16) 
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Furthermore, we assume that the elastic deformation is infinitesimally small compared with 
the large plastic deformation. To quantify this, we can write the elastic portion of the 
deformation gradient as [21], 
Fe= I+ H (supposing II H II <<1) (2.17) 
in which, I is the unit tensor. Thus, the total rate of the deformation is approximately the 
additive sum of the elastic portion De and " plastic " portion DP in the intermediate 
configuration. 
(2.18) 
where 
(2.19) 
2.2.5 Stress objective derivation 
For large deformation, in addition to the Cauchy stress tensor cr defined at the current 
configuration, there are also other stress tensors defined at the initial configuration. These 
stress tensors are the first Piola-Kirchhoff stress tensor TI and the second Piola-Kirchhoff 
stress tensor 't [21]. The relations of these different stress tensors are expressed as follows, 
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TT= det(F) CT• (F- 1? 
't = F- 1 • TT = det (F) FI • CT • (F- I? (2.20) 
in which , det( ) means the determinant of the stress tensor. It can be seen that the first Piola-
Kirchhoff stress tensor TT is not symmetric while the second Piola-Kirchhoff stress tensor 'tis 
symmetric. 
Because of the large plastic deformation, the objective time derivation of the stress 
need to be adopted. We use the Jaumann time derivative (co-rotational rate) to deal with the 
objectivity of the rate of stress. Generally, the Jaumann rate [21] of the Cauchy stress CT is 
expressed as follows, 
(2.21) 
in which, cr is the material time derivation of Cauchy stress tensor a and Wis the spin of the 
deformation. 
2.3 Differential equations and boundary conditions 
This thesis uses an approach that is similar to the total Lagrangian formulation [22]. 
However, the Lagrangian coordinates are considered as reference coordinates which are 
instantaneously coincident with the current configuration. So in this case, the following 
conditions are satisfied instantaneously, 
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x = X ; F = I ; J = det F = l ; cr = TT = -r (2.22) 
If we assume a body of volume V bounded by a surface S, the force equilibrium at any given 
point in the region at the current configuration with Cauchy stress cr is given by [21] 
a•V+f-p ii-vu =O (2.23) 
where f is the body force, u, li, ii are the displacement, velocity and acceleration respectively, 
pis the current mass density, vis the damping coefficient. We assume that the damping force 
is proportional to the velocity in the above equation. 
The boundary conditions are assumed as follows, 
{ 
a • n = T ; on force boundary S cr ; 
u = u ; on the displacement boundary Su (2.24) 
in which, T and u are the given traction force and displacement respectively. Both of them 
are prescribed as functions of space coordinates x and time t. 
On the contact surface Sc, some kinematic and mechanical conditions have to be 
satisfied. It is assumed that the indenting device causing the mechanical damage is a rigid 
body since the rigidity of the indenting device is much higher than that of the pipeline. The 
penalty method and the Coulomb friction law [22] can be adopted to determine the normal 
direction contact force T / and the tangential direction contact force Tt. These forces are 
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depicted in Fig 2.2. The penalty method consists of placing normal interface springs between 
all penetrating nodes and the contact surface. The contact force in the tangential direction is 
determined based on the Coulomb's friction law. The friction force is in the opposite 
direction of the slide or sliding tendency. Its magnitude is less than µT/, in which µ is the 
coefficient of friction. 
The initial conditions, prescribed at t = 0, are 
(2.25) 
Fig 2.2 A finite element node penetrating into the indenter's surface. 
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2.4 Principle of virtual power 
Denote a virtual variation of displacement ui at the time t by 8ui dt. Based on the 
principle of virtual power [23] and an updated Lagrangian formulation, the equations of 
motion and boundary conditions at any time can be written collectively in the following 
integral form, referring to the current configuration. 
- f ( aij ,j +Ji-pi( -vui )buidV + 
V 
f ( T - T )bu . dI' + f ( T - T' )bu . dI' = 0 Su I I Sc I I I 
(2.26) 
Using the Green integration formula, we obtain, 
f J:.bu .dV + f Tbu .dI' + f T' bu .dI'- f a,'J .. 8Di'}.dV V I I Su I I Sc I I V 
(2.27) 
in which 
l 
1 8D .. = - ( 8u .. + 8u .. ) ; 
IJ 2 1,J J,1 
8u i = O ; on the displacement boundary Su, (2.28) 
2.5 Four-node degenerated shell element 
The four-node degenerated shell element [22] is adopted to discretize the domain. The 
shell geometry is defined as 
(2.29) 
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in which, ei is the local Cartesian coordinate base vector, ri is the component of node fiber 
vector decomposed in the local Cartesian coordinate and h is the thickness. The element is 
illustrated in Fig. 2.3, in which Vu (a= 1, 2, 3, 4) is the node fiber vector. The middle surface 
point coordinate is assumed to be interpolated by the nodal coordinates, that is, 
(2.30) 
in which, Xf is the coordinate of node a and 'Pu is the shape function relating to the node a. 
In the four-node shell element, '¥a. is a bilinear function of ~1 and ~2. As shown in Fig.2.4, it 
can be expressed as follows, 
4 
---------------
Fig. 2.3 Four-node degenerated shell element 
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3 4 
1 ---------- 2 
Fig. 2.4 Four-node linear element 
(2.31) 
Next, the vectors hnei are assumed to be interpolated by the nodal fiber vector and . 
constructed from the bottom node to the top node, that is, 
hr- = o/av.a = o/a(X~upper -x~Iower) 
I I 1 I 
(2.32) 
Then, the coordinate of any point inside the shell can be uniquely defined in terms of nodal 
coordinates and fiber vectors, 
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(2.33) 
The displacement inside the shell is also interpolated from nodal values. Note that, in this 
thesis the subscripts i, j range from 1 to 3, a, f3 range from 1 to 4 accounting for the four 
nodes, and r, s, q account for the five nodal degrees of freedom. Each node has five degrees 
of freedom, three displacements U~ and two rotations E>~ and E>~ of the node vector. It is 
assumed that (1) Node vectors V/1" are inextensible and remain straight after the deformation. 
(2) Rotations E>~ and E>~ are small. The displacements are approximated as follows 
. . 
(2.34) 
in which, U~ are the nodal values. When 1 < r < 3, the nodal values corresponds to Uf, 
· U~, Uf. In case of r = 4 or 5, this corresponds to E>~ or E>~. The shape functions 
N~ (~1, ~ 2 , ~ 3 ) can be expressed as, 
( i =1, 3 ) (2.35) 
· The velocity gradient can be expressed as 
(2.36) 
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2.6 Finite element matrix equations 
Introducing the discretized form of the virtual velocity into Eq.(2.27), we can obtain 
the discretized from of the principle of virtual power, that is, 
I fJ f a fJ ··a I fJ f a fJ ··a_ SUs ( pNirNisdV 'JUr + SUs ( VNirNisdV )Ur -
¼ ¼ 
ISUf( Let_NfsdV) + I su: ( f Su, T;Nf,dr) 
I 
(2.37) 
+ Isuf ( f s,, I';CNfsdI') - I su: ( Le aijN(,,jdV) 
Denoting, 
M = I Le pN: Nfs dV (2.38) 
C = I fve vN: Nfs dV (2.39) 
p = If /;N;~NfsdV + If T;N!dr + Ifs,, r;c Ntdr Ve . Sue 
(2.40) 
F = Ifve aiiN!,jdV (2.41) 
where, M is the consistent mass matrix, C is the consistent damping matrix, P is the external 
node force matrix, F is the internal node force matrix and N~ is the shape function. Since the 
Eqn.(2.37) is valid for any 8U~, the finite element equations can be expressed as 
MU+CU=P-F (2.42) 
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In this thesis, the analysis adopts the concept of lumped mass and damping matrices [24] 
such that each node displacement can be solved independently. This avoids the need for 
solving simultaneous equations, which is the main advantage of the dynamic explicit finite 
· element method. It has also been shown that the lumped mass and damping matrices tend to 
increase the vibration periods compared to the analytical model [24], whereas the central 
difference integration shortens the periods. The observations motivate the use of a central 
difference integration scheme with the lumped mass and damping matrices' methods in order 
to obtain better solutions. 
2.6.J Lumped mass matrix 
Various lumping schemes have been proposed [24]. In our analysis, we assume that 
the mass matrix is initially computed and is constant during the indenting process. The total . 
lumped mass matrix is the sum of each element lumped mass matrix. In each element, the 
element mass is distributed in proportion to the diagonal terms of the consistent mass matrix. 
Thus, for a node a in an element, the mass associated with Uf, U~, U~, can be evaluated 
using the expression, 
(2.43) 
in which, 
J p'Fa'Fa dV 
wa = v, no summation on index <X L~=I Iv, p'F flip fJ dV ' (2.44) 
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The diagonal rotation inertia term Ia associated with rotations of the node vector is also 
taken into account. This is particularly important in the case of thick specimens. The rotation 
inertia item is given by 
(2.45) 
where z is the distance between the point and the middle surface. 
2.6.2 Lumped damping matrix 
The consistent damping matrix is obtained based on the assumption that the damping 
force is proportional to the velocity. In this case, the consistent damping matrix is assumed to 
be proportional to the consistent mass matrix. If it is further assumed that the damping force 
is proportional to the strain rate, we can obtain a damping matrix proportional to the stiffness 
matrix. It is difficult to obtain the exact damping properties of a structure. One simple way is 
to assume the damping to be a linear combination of two kinds of damping, that is, 
C=c1 M+c2K (2.46) 
In which, M is the lumped mass matrix and K is the stiffness matrix. The parameters c1 and 
c2 are determined by conducting structural dynamics experiments. In our analysis, we 
assume c2= 0. 
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2. 7 Stress update 
The-displacement increment of the shell AU during the time interval [t, t+M] can be 
found as follows. 
(2.47) 
Then, based on the kinematics and constitutive model described in section 2.2.2, the Jaumann 
increment of Cauchy stress AO'ij can be evaluated as, 
(2.48) 
After Acr ij is determined, the stress at time t + At is updated according to the following 
equation, 
(2.49) 
where Rij is the transformation matrix between the local coordinate systems at time t and t+ 
At. Since the shear deformation in the thickness direction is small, the rotation of the local 
coordinate system can be assumed to be only in the middle plane. Then we choose Rij as 
follows, 
1 1, for i=j Rij = ½<Lij-Lji)At, fori,j=l,2 
· 0 , for other i, j 
(2.50) 
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2.8 Explicit time integration 
An explicit time integration scheme using the central difference method [25] is used 
for discretization with respect to time. It is assumed that, 
(2.51) 
Substituting into Eqn.(2.42), we obtain, 
(-1-M+-1-C)ut+D.t =P-F+M-· _1_(2Ut -ut-D.t)+C-1-ut-At 
(iit) 2 21'.it (t'.it) 2 21'.it 
(2.52) 
At the starting point, the node displacements, velocities and the element stresses are known. 
Then the displacements at the time -.6.t can be determined as follows, 
(2.53) 
Thus, the solution can be carried out step by step. Because the central difference method is 
conditionally stable, the time step .6.t should be smaller than a critical value .6.tcr, that is 
. T. 
Lit~ Liter = mm 
TC 
(2.54) 
in which, T min is the minimum eigen period of the finite element assemblage. For simplicity, 
an approximate assumption of .6.tcr [26] [27] is adopted, that is, 
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(2.55) 
where c is the elastic wave speed, Le is a nominal element size, which depends on the 
element type. 
From the above formulation, we can see how the dynamic explicit finite element 
method works. As mentioned above, the most significant advantage offered by dynamic 
explicit finite element method is that it is possible to implement the method efficiently by 
using computing platforms that allow high degree of parallelization and vectorization. 
2.9 LS-DYNA 
LS-DYNA is a general-purpose, explicit finite element program that can be used to 
analyze the nonlinear dynamic response of three-dimensional structures. Its fully automated 
contact analysis capability and error-checking features have enabled users to solve many 
complex problems successfully. LS-DYNA has many solution procedures to simulate the 
physical behavior of 3D structures: nonlinear dynamics, thermal, failure, crack propagation, 
contact, quasi-static, Eulerian, arbitrary Lagrangian-Eulerian (ALE), fluid structure 
interaction, real-time acoustics, multi-physics coupling, etc. The lower order finite elements 
in LS-DYNA are accurate, efficient, simple and fast. 
The LS-DYNA program has many capabilities. Two of its leading applications are 
sheet metal forming and crashworthiness analyses. In addition to these fields, LS-DYNA is 
extensively used to simulate high-velocity impact, elastic-plastic deformation, drop-shock, 
explosive phenomena, explosive forming, machining operations, concrete and building · 
structures, accident reconstruction, nuclear safety, transient thermal analysis, underwater 
26 
shock, and vehicle dynamics, as well as leading-edge research in the fields of composites 
and ceramics, fluid-structure interaction, wood and wood products, biomechanics and human 
modeling, molecular structures, casting and forging, and virtual testing. 
The current version of LS-DYNA software package is version 9401. It includes three 
executable programs, i.e. LS-INGRID, LS-DYNA and LS-TAURUS. LS-INGRID is a pre-
processor and generates the input files for LS-DYNA. LS-DYNA is a central numerical 
solver to solve the equations derived from above formulations. LS-TAURUS is a post-
processor and deals with the output from the solver. All of three programs have the graphical 
user interfaces interacted with the users. The relationship of these three programs is 
illustrated in Fig. 2.5. 
LS-INGRID Pre-processor 
n 
LS-DYNA Solver 
n 
LS-TAURUS Post-processor 
Fig. 2.5 Structure of the LS-DYNA software package 
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3. DYNAMIC EXPLICIT FINITE ELEMENT ANALYSIS 
3.1 Introduction 
A dynamic explicit finite element analysis was performed with the primary objective 
of understanding and analyzing the residual stress behavior around mechanical damage 
defects. A commercial software package, LS-DYNA v 9401, was used in this analysis. 
Packages LS-INGRID and LS-TAURUS were used for pre-processing and post-processing 
the data respectively. Two cases were evaluated in the current study. The first case involves 
simulation of a typical denting process in a pressurized pipe. The failure pressure of the pipe 
is estimated based on resulting residual stresses and strains. The second case involves 
scratching the surface of the pipe where the indentor not only indents the pipe, but also 
moves horizontally along the surf ace of the pipe. The results from the finite element model 
include stress, strain and displacement data. The stress data can be used for further research 
in establishing the relationship between the MFL signal and the residual stresses in the 
pipeline. 
3.2 Model validation 
In order to validate our model, a simple denting process is simulated first. This 
process involves denting a flat metal slab using an indentor. The numerical results are 
compared with the experimental results. Since the rigidity of the indentor is much higher than 
that of the metal plate, it is reasonable to assume that the indentor is a rigid body. The 
geometry of the problem that is modeled is shown in Fig 3.1. 
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Fig. 3.1 Geometry of problem that is modeled 
The length and width of the plate are 120 mm and 50 mm respectively. The thickness of the 
plate is 6.35 mm. The material properties of the plate are shown in Table 3.1. The diameter 
of the indentor is 12.7 mm. The bottom plane of the plate is constrained to have zero 
displacement. The movement of the indentor is controlled by defining its velocity. The 
friction coefficient between the indentor and plate is 0.1~. The estimated dent depths caused 
by different denting forces are compared with the experimental results. A summary is 
presented in Table 3.2. 
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Table 3.1 Material properties 
Young's Modulus E Poisson Ratio v Yield Strength cry Hardening Modulus (unit: Gpa) (unit: Gpa) (unit: Gpa) 
210.0 0.3 0.24 1.26 
Table 3.2 Comparison of dent depths 
Dent depth ( unit: inch ) 
Denting force Error 
(unit: Klb) Experiment FEM model 
20 0.0344 0.0375 9.01% 
30 0.0523 0.0586 12.05% 
40 0.0724 0.0793 9.53% 
50 0.0951 0.1027 7.99% 
60 0.1250 0.1394 11.52% 
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From Table 3.2, it can be seen that the maximum error is less than 15%. The errors are 
mainly caused by the inaccuracies in the material model and the fact that the constraints were 
not entirely valid. 
The package LS-DYNA had been thoroughly tested for many different applications. 
This thesis use the LS-DYNA package to simulate two damaging processes, denting and 
scratching. However, further experimental studies are still needed to validate the analysis. 
3.3 Case I 
3.3.1 Parameters 
In this case, the entire denting process is simulated. Two components, an indentor and 
a pressurized pipe are involved in the denting process. The geometry of the model is 
illustrated in Fig. 3.2. The pipe parameters include diameter (D), length (L), pipe material 
properties, thickness (T), pipe support and initial internal pressure (P0). The material property 
parameters include Young's Modulus, Poisson ratio, mass density, yield strength and 
hardening modulus. of the pipe are determined from the stress and strain curves for the pipe, 
which are shown in Fig. 3.3, 3.4 and 3.5. We can see that the yield strength of the pipe cry= 
0.34 0Pa. 
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Fig. 3.2 Geometry of the model 
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Fig. 3.3 Stress-strain curve for X50 pipe (Hoop direction) 
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Fig. 3.4 Stress-strain curve for X50 pipe (Longitudinal direction) 
33 
120 
100 
Stress 
(ksi) 80 
60 
40 
20 
0 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
True strain, in/in 
Fig. 3.5 Stress-strain curve for X50 pipe (Axial direction) 
Different methods for supporting the pipe can be modeled during the indentation process. In 
this case, the bottom line of the pipe is rigidly supported. The initial internal pressure of the 
pipe is set at 0.006 Gpa. During the denting process, this pressure is held constant. It is 
obvious that with increasing initial internal pressure, the magnitude of the indenting force has 
to increase in order to obtain the same dent depth. The rebound characteristics of the pipe 
will also be affected. After finishing the denting process, the internal pressure of the pipe is 
increased artificially in order to estimate the failure pressure. The detailed pipe geometry 
parameters and material properties are listed in Tables 3.3 and 3.4. 
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Table 3.3 Pipe Geometry Parameters 
D (unit: mm) L (unit: mm) T (unit: mm) Po (unit: Gpa) 
600.0 3000.0 10.0 0.006 
Table 3.4 Pipe Material Properties 
Young's Modulus E Poisson Ratio v Yield Strength cry Hardening Modulus 
(unit: Gpa) (unit: Gpa) (unit: Gpa) 
210.0 0.3 0.34 1.23 
As discussed in Chapter 2, the indentor is assumed to be a rigid body. The shape of 
the indentor is hemispherical. The diameter of the indentor (d) is 60.0 mm. 
3.3.2 Finite element model 
A three dimensional finite element mesh was used to model the denting process. The 
process included initial denting to a predefined depth, removal of the indentor and increasing 
the internal pressure until the pipe fails. The pre-processor LS-INGRID was used to generate 
the input data file for LS-DYNA. The computation was performed on a DEC Unix Alpha 
workstation. · Outputs from the models include text data and a series of binary data files for 
graphical display. A post-processor package LS-TAURUS was used to generate the desired 
graphical plots after the analysis. 
Eight-node 3D solid elements were used to discretize the pipe and indentor. Solid 
elements were employed so that thickness effects of the pipe could be considered. Only a 
quarter of the whole geometry shown in Fig. 3.6 is considered in the finite element analysis. 
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z 
Fig 3.6 Undeformed pipe mesh with an indentor 
since there are two planes of symmetry. Since the length of the pipe is three times larger than 
the diameter of the pipe, the end effects of the pipe during the denting process was ignored. 
· Boundary conditions were prescribed to prevent rigid body motion of the model and 
to account for the planes of symmetry. Three different boundary conditions were applied to 
the FEM model. These are illustrated in Fig. 3.7. The Y and Z coordinate directions are 
shown in Fig. 3.7. The positive direction of coordinate Xis oriented vertically outward to 
the page surf ace. 
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Fig. 3.7 The schematic of the boundary conditions 
The boundary l included the bottom line of the pipeline and lower part of the cross section of 
the pipe running along the Y. axis. Node-sets on the bottom line have fixed boundary 
coriditions of displacement in the Z direction. Due to symmetry of the Y-Z plane, the node-
sets on the cross-section along boundary I have fixed boundary conditions of displacement in 
the X direction and rotation around Y axis. Boundary III is similar to boundary I except that 
there are no constraints at the top of the pipe. This implies that only node-sets along the cross 
section of boundary III have the same boundary conditions as those of boundary I. Boundary 
II accounts for the symmetry of the X-Z plane. So the node-set displacements in the Y 
direction are constrained to be zero and the rotations around Z axis are also constrained to be 
zero. 
The movement of the indentor was controlled by specifying its velocity. It is very 
simple to obtain a predefined dent depth. In this case, a predefined dent depth was set to be 
equal to 30.0 mm. 
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Fig. 3.8 Indentor Velocity Profile 
The indentation force could be calculated from the model using the principle of conservation 
of energy. After obtaining the desired dent depth, the indentor was pulled away from the 
pipe. The velocity curve of the indentor is shown in Fig. 3.8. 
The contact model consists of a rigid indentor and a deformable pipe. We assume the 
indentor to be a rigid body. This assumption simplifies the model significantly. Two sets of 
nodes, master and slave nodes, are defined for the surface of the indentor and pipe 
respectively. The objective is to ensure displacement and velocity are compatible between 
the surface of indentor and the pipe wall. In LS-DYNA, a penalty method is used to deal with 
the slave node penetration into the master rigid body. The method consists of placing normal 
interface springs between all the penetrating nodes and the contact surface. Sliding between 
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the nodes on the two surfaces is dealt with Coulomb's formulation that was discussed in 
Chapter 2. The friction coefficient is selected to be 0.15. 
An isotropic elastic-plastic with failure model is assigned to the 3D solid elements. 
This corresponds to the material model type 13 in LS-DYNA. When the effective strain 
reaches the failure strain or the pressure reaches the failure pressure, the material loses its 
ability to carry tension and the deviatoric stresses are set to zero, i.e. the material behaves 
like a fluid. The necessary parameters for the model were already given in Table 3.3." 
The internal pressure was applied to the pipe as a pressure loading which acts normal 
to the inside surface of the pipe. The internal pressure is increased as a function of time. 
During the denting_process, the internal pressure is held constant. With the removal of the 
indentor, the internal pressure is increased linearly until the pipe explodes. The failure 
pressure corresponding to the damage process is estimated. Thus, a plot of the internal 
pressure as a function of time is shown in Fig. 3.9. 
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3.3.3 Stress behavior 
The stress distributions around the dent were investigated. During the denting 
process, regions of high compressive stresses appear on the outside surface in and around the 
dent. Tensile stresses developed on the inside surface of the dented region. After removing 
the indenter, the pipe rebounds. Increasing the internal pressure, causes the stresses around 
the dented region to switch from plastic compression to plastic tension. In the end, the tensile 
stresses in the dented region reach the yield stress levels and the pipe breaks. The stresses are 
not uniform through the thickness of the pipe wall. Fig. 3.10 shows the maximum principal 
stress distribution when the indenter reaches the deepest point. The highest stress points ~e 
located at the center of contact area. The stress levels at the periphery of the 4ent are tensile 
in nature. Fig. 3.11 shows the stress distribution around dented region just after the indenter 
removal. It can be noticed that the stresses adjust themselves and reach a new equilibrium . 
. The pipe rebounds after the indenter is removed. Fig. 3.12 shows the displacement history of 
two nodes located in the dented area. The rebound effect can be seen clearly. Fig. 3.13 
illustrates pipe failure after the maximum principal .stress reaches the yield stress level. The 
pipe failure occurs first at the location of the outside surface center of the dented area. This is 
caused by the fact that the tensile stress at this point is the highest within the pipe and reaches 
the yield stress level ahead of other points. The failure pressure, estimated from the internal 
pressure curve (Fig. 3.9) is 0.0145Gpa. Compared with experimental results, this value is a 
little lower because we do not consider the effect of the surrounding soil medium. A more 
accurate model that takes into account the support from the soils needs to be developed in the 
future. 
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Fig. 3.11 Maximum principal stress distribution after the indentor is removed 
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3.4 Case II 
3.4.1 Parameters 
The second scenario that was simulated involves scratching the surface of the pipe 
with an indentor. The parameters of the pipe and indentor are same as that in case I. The 
material properties of the pipe are also the same as those employed in case I. Because of the 
horizontal movement of the indentor, only one plane of symmetry exists. Therefore, one half 
of the whole geometry needs to be modeled. The geometry of model is shown in Fig. 3.14. 
The supporting condition is the same as those in case I, i.e. only the bottom surface of the 
pipe is constrained. The internal pressure is kept constant during the whole denting and 
scratching process. 
A PIPE(X-50) IMPACTED BY AN INDENTOR 
Fig. 3 .14 Geometry employed for case II studies 
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Three steps are involved in modeling the movement of the indentor. The indentor moves 
vertically (downwards to the pipe) to reach a predefined distance and moves horizontally 
along the smface of the pipe. After moving a predefined distance horizontally, the indentor is 
pulled away from the pipe. A schematic of the indentor movement is shown in Fig. 3.15. 
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Fig. 3.15 Schematic of the indentor movement 
3.4.2 Finite element model 
The finite element model was also similar to the model employed for analyzing case 
I. Eight-node 3D solid elements are used to mesh the pipe and the indentor. An isotropic 
elastic-plastic with failure model is used to model the material. The boundary conditions 
were similar to those employed in case I. However, because the indentor moves along the Y 
direction, the boundary condition of the bottom line of the pipe had to account for a restraint 
in the Y direction. Only one plane of symmetry exists; consequently only the boundary 
conditions accounting for the symmetric plane are imposed. The shape of the indentor was 
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hemispherical and had the same diameter as in case I. The indentor was also assumed to be a 
rigid body. 
3.4.3 Stress behavior 
Since the denting process is similar to the one in case I, we are only concerned with 
the stress behavior resulting from the scratching process. The compressive stresses develop 
on the outside surface in the contact region. The tensile stresses appear on the inside surface 
of the contact region. The highest compressive stress point in the pipe wall moves with the 
movement of the indentor. When the indentor is pulled away, the pipe rebounds and the 
stress state re-adjusts to a new equilibrium. Fig. 3.16 shows the stress distribution of the pipe 
when the vertical movement of the indentor reaches an end. We can see that the stress pattern 
is very similar to the distribution in Fig. 3.10. Fig. 3.17 shows the stress distribution of the 
pipe when the indentor moves horizontally to a point half way along its total horizontal 
movement distance. Fig. 3.18 shows the stress distribution when the indentor reaches its 
destination. Comparing Fig 3.17 and Fig. 3.18, we see that the highest compressive stress 
point moves along with the movement of the indentor. Fig. 3.19 shows the stress distribution 
after the indentor is removed. 
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Fig. 3.16 Maximum principal stress distribution in the pipe when vertical movement of the 
indentor is completed 
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Fig. 3.17 Maximum principal stress distribution in the pipe when the intenter is half way 
along the total horizontal movement 
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Fig. 3.18 Maximum principal stress distribution in the pipe when the indentor reaches the 
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Fig. 3.19 Maximum principal stress distribution in the pipe just after the indentor is 
removed. 
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4. CONCLUSION AND FUTURE WORK 
4.1 Conclusion 
The results from the thesis show that the dynamic explicit finite element method is an 
efficient method for analyzing mechanical damage in a gas pipeline impacted by an external 
indentor. Two typical processes, involving denting and scratching, were simulated. The 
effect of pipe thickness was considered by using 3D-solid finite elements. The residual stress 
behavior in the vicinity of the gouge in the pipeline was investigated. During the denting 
process, compressive stresses developed at the center of the denting contact region. Tensile 
stresses developed on the inside surface of the pipe in the contact region due to bending 
effects. The tensile stresses also developed at the periphery of the dent. After the indentor 
was removed, the stresses in the pipe wall readjusted themselves to a new equilibrium and 
the pipe showed elastic rebound. The failure pressure of the pipe was then estimated. The 
predicted residual stress profiles can be directly incorporated into magnetic models for the 
MFL signal analysis. 
4.2 Future work 
Additional research is needed to gain an improved understanding of the residual stress 
pattern around mechanical damage in natural gas pipeline. Both experimental and analytical 
studies need to be earned out to validate current studies. 
More accurate models are also needed. The current study did not consider soil 
interaction. One possible model accounting for soil interaction is to add some constraints 
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around the outside surface of the pipe. Rebound characteristics of the pipe should also be 
studied more thoroughly. A more accurate material model needs to be developed. In addition, 
other damage mechanisms, besides denting and scratching, should be studied. The fluctuation 
of internal pressure of the pipe causes the stress cycles to accumulate over the life of the pipe. 
Fatigue failure behavior, therefore, should be analyzed. 
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